Pt 60 Ni 15 P 25 metallic glass ribbons prepared by a single-roll melt-spinning method were deformed in tension at a strain rate of 2×10 −2 s −1 in the supercooled liquid region. In-situ observations of the deformation behavior of the metallic glass ribbons were carried out using an optical microscope. It was found that a homogeneous deformation of more than 200% elongation took place by a viscous flow of the supercooled liquid of Pt 60 Ni 15 P 25 metallic glass at 523 K, an intermediate temperature in the supercooled liquid region. In the case of the tensile tests after partial crystallization at 543 K, it was found that the residual supercooled liquid deformed preferentially without deformation of the crystalline solid, and therefore inhomogeneous deformation occurred.
Introduction
It is well known that metallic glasses have various useful properties. In tensile testing, the maximum elongation of the metallic glasses was limited to less than 100% at a strain rate below 10 −3 s −1 at a temperature of about 100 K below crystallization temperature (Tx). Therefore, it was previously difficult to work the metallic glasses plastically for industrial application.
Recently, metallic glasses with a wide supercooled liquid region of more than 60 K were developed. [1] [2] [3] [4] [5] [6] [7] Here, the supercooled liquid region means the temperature range between glass transition temperatute (Tg) and Tx. The metallic glasses have a high glass forming ability and high stability of the supercooled liquid against crystallization. The high glass forming ability leads to the possibility of preparing metallic glasses with a bulky shape by injection molding. The high stability of the supercooled liquid leads to the possibility of plastic working of the metallic glasses in the supercooled liquid region. It has been reported that Zr 65 Al 10 Ni 10 Cu 15 and La 55 Al 25 Ni 20 metallic glasses exhibit superplasticity while preserving an amorphous structure at a temperature in the supercooled liquid region. [8] [9] [10] [11] [12] This superplasticity is considered to be useful for making industrial products by plastic working of bulk metallic glasses, and for expanding the practical application range of the metallic glasses. However, not many detailed reports on the deformation behavior of metallic glasses with a wide supercooled liquid region are available at the moment.
In the present study, in-situ observations of the deformation behavior of Pt 60 Ni 15 P 25 metallic glass with a wide supercooled liquid region were carried out. The Pt 60 Ni 15 P 25 metallic glass is suitable for in-situ observation in air, because it is hardly oxidized in the supercooled liquid region.
Experimental Procedure
Pt 60 Ni 15 P 25 alloy ingots were prepared by arc-melting of pure metals in an argon atmosphere. The metallic glass ribbon with a cross section of about 0.7×0.02 mm 2 was produced by a single-roller melt-spinning method in an argon atmosphere. The formation of a single amorphous phase was confirmed by X-ray diffraction and TEM observation. By means of DSC analysis, Tg and Tx were determined to be 487 K and 553 K, respectively. Figure 1 shows a schematic illustration of the in-situ observation method of the tensile test under heating condition. The large plastic deformation with more than 200% elongation was caused by viscous flow of the supercooled liquid. In the case of the tensile test at 523 K after preheating at 543 K for 8 min, crystallization of the metallic glass ribbon proceeded and the volume fraction of the residual supercooled liquid decreased. This small volume of the residual supercooled liquid was deformed with viscous flow and fractured at a small total elongation of about 20% ( Fig. 3(d) ). In the case of the tensile test at 523 K after preheating at 543 K for 40 min, crystallization of the metallic glass ribbon proceeded entirely. Therefore, this ribbon was fractured with little plastic deformation ( Fig. 3(e) ). SEM micrographs of the surface after tensile tests are shown in Fig. 6 . The ribbon with a preserved amorphous structure, which exhibited a large plastic deformation with more than 200% elongation had a flat and smooth surface similar to that before the tensile test (Fig. 6(a) ). Stripe patterns were observed in the surface of amorphous phase of the tion are denoted at the top left in each micrograph. X-ray diffraction patterns of the metallic glass ribbons after tensile tests are shown in Fig. 4 . In the case of the tensile test at 493 K (just above Tg) after preheating at 493 K for 10 min, the metallic glass ribbon was deformed plastically up to a 34% elongation and fractured with the occurrence of necking (Fig. 3(a) ). At a higher tensile-testing temperature of 523 K after preheating at 523 K for 10 min, the metallic glass ribbon exhibited a homogeneous plastic deformation up to a large elongation of more than 200% (Fig. 3(b) ). The amorphous structure of the ribbon was preserved after the tensile test (Fig. 4(a) ). Based on these results, it is considered that this large plastic deformation with more than 200% elongation at 523 K is caused by a viscous flow of the supercooled liquid of Pt 60 Ni 15 P 25 metallic glass, and that the failure with the occurrence of necking at 493 K is due to a higher viscosity of the supercooled liquid just above Tg.
Crystallization of Pt 60 Ni 15 P 25 metallic glass ribbon occurred in the case of the tensile test at 523 K after preheating at 543 K for 4 min (Fig. 4(b) ). In this case, the ribbon exhibited an inhomogeneous deformation with more than 200% elongation (Fig. 3(c) ). The deformation area of the ribbon after the tensile test was studied by TEM observation. The result, shown in Fig. 5 , indicates that most of the deformation area consists of a single amorphous phase. Based on these results, it is considered that the supercooled liquid of the metallic glass was only deformed plastically without deformation of the crystallized area (crystalline particles), and that this tensile test pieces were prepared by bonding a Pt 60 Ni 15 P 25 metallic glass ribbon onto the ceramic holders (chucks) with a ceramic cement. The gauge length was 5 mm. The metallic glass ribbon which was in contact with a glass plate on an electrical heater was deformed in tension at 493 K and 523 K after preheating. The preheating conditions and the tensiletesting temperatures are summarized in Table 1 . The strain rate of the tensile tests was 2 × 10 −2 s −1 . The tensile deformation process of the metallic glass ribbon was observed and recorded using an optical microscope connected to a video recorder. The maximum elongation which the tensile-testing apparatus generated was 250%.
After the tensile tests, the surface morphology of the ribbons was observed by SEM, and their structure was studied by X-ray diffraction and TEM observation. Figure 2 shows total elongation of Pt 60 Ni 15 P 25 metallic glass ribbons deformed in tension under various heating conditions (cf. Table 1 ). The metallic glass ribbon was deformed to failure with 34% elongation at 493 K (just above Tg) after preheating at 493 K for 10 min. At a higher tensile-testing temperature of 523 K after preheating at 523 K for 10 min and at 543 K for 4 min, it was not fractured. Total elongation of the ribbons decreased with increasing preheating time at 543 K.
Results and Discussion
The results of in-situ observation of the tensile-deformation process of Pt 60 Ni 15 P 25 metallic glass ribbons under various heating conditions are shown in Fig. 3 (cf. Table 1 ). In this figure, elongations of the ribbons in the process of deforma-occurred at grain boundaries.
Based on the above-mentioned experimental results, the deformation behavior of Pt 60 Ni 15 P 25 metallic glass ribbon in the supercooled liquid region can be considered to be as follows.
At a temperature just above Tg, that is, a low temperature in the supercooled liquid region, a supercooled liquid of the metallic glass is deformed with viscous flow to less than 100% elongation, and fractured with the occurrence of necking because of the high viscosity of the supercooled liquid. It has been reported that the value of viscosity of the supercooled liquid of La-based metallic glass at an intermediate temperature in the supercooled liquid region is two orders of magnitude lower than that at a temperature just above Tg. 12) It is considered that the viscosity of the supercooled liquid ribbon which exhibited an inhomogeneous deformation after preheating at 543 K for 4 min (Fig. 6(b) ). It is considered that these patterns indicate the viscous flow of the supercooled liquid. Another trace which indicated the viscous flow of the supercooled liquid was observed in the interface between a crystalline particle and an amorphous phase (region A in Fig.  6(b) ). Figure 7 shows SEM micrographs of the fractured regions of Pt 60 Ni 15 P 25 metallic glass ribbons after tensile tests. The ribbon which deformed plastically to failure with the occurrence of necking at 493 K exhibited a ductile fracture which was caused by the viscous flow of supercooled liquid ( Fig.  7(a) ). In contrast, the ribbon of which crystallization proceeded entirely after preheating at 543 K for 40 min revealed a brittle fracture (Fig. 7(b) ). It appears that this fracture mainly At a temperature just below Tx, crystallization of the supercooled liquid starts and proceeds with increasing preheating time. In the mixed structure of supercooled liquid and crystalline solid, the residual supercooled liquid is only deformed with viscous flow. Therefore, an inhomogeneous deformation occurs and total elongation decreases with the progress of crystallization. When most of the supercooled liquid changes to a crystalline solid, the material exhibits little plastic deformation and fractures with brittleness.
Conclusions
In-situ observations of the deformation behavior of Pt 60 Ni 15 P 25 metallic glass ribbons under various heating conditions in the supercooled liquid region were carried out. The following results were obtained.
(1) The metallic glass ribbon exhibits a large plastic deformation, which appears to correspond to a high-strain-rate superplasticity, at an intermediate temperature in the supercooled liquid region. This large plastic deformation is caused by the viscous flow of the supercooled liquid with a low viscosity.
(2) In the case of the occurrence of crystallization, the residual supercooled liquid deforms preferentially without the deformation of the crystalline solid. Therefore, an inhomogeneous deformation takes place.
